Five independent collections, comprising a total of 34 clones encoding cellulases, hemicellulases and cell surface proteins of Clostridium thermocellum, were searched for overlapping or contiguous DNA fragments. The clones were hybridized to large genomic restriction fragments separated by pulse-field electrophoresis. Clones hybridizing to the same fragment were further compared by hybridization to smaller fragments, by cross-hybridization and by restriction mapping. The probes hybridized to loci which were usually not clustered and were scattered over at least one third of the chromosome. Besides previously identified clusters, only two clones were found to be adjacent. Two pairs of clones appeared to contain the same genes cloned in duplicate, and one of the genes was shown to be cloned in triplicate. z 1998 Federation of European Microbiological Societies. Published by Elsevier Science B.V.
Introduction
Clostridium thermocellum produces an exocellular, multienzyme complex, termed cellulosome, which comprises numerous cellulases and hemicellulases organized around a sca¡olding protein termed CipA. Searches for C. thermocellum genes involved in cellulose degradation were performed by several groups, resulting in the cloning of genes encoding 21 endoglucanases, three exoglucanases, two L-glucosidases, four xylanases, two lichenases and the cellulosome integrating protein CipA [1^7] . Additional genes encoding the S-layer protein SlpA, the cellulase-anchoring protein OlpA and the cellulosome-anchoring proteins OlpB, Orf2p and SdbA have also been isolated [8^10] . Such a large variety of genes with related functions raises two issues. First, are all the genes truly distinct? Gene collections were isolated independently by di¡erent laboratories, sometimes from di¡erent strains, and conclusions based on differences in the restriction maps are not necessarily reliable. A previous analysis based on hybridization studies showed that out of a total of 24 cellulase and hemicellulase clones isolated in Paris and in Cambridge, six turned out to be duplicates of other clones [1] . The increasing number of new genes described since then called for an update of this work. Secondly, it was of interest to investigate to what extent the genes are clustered. It is fairly common for bacterial genes involved in the same function to be grouped in clusters including one or more operons, which facilitates cloning of the relevant genes by chromosome walking. Some of the cloned C. thermocellum genes are known to be closely spaced. These include the`cipA cluster', with the cipA-olpB operon followed by the orf2-olpA operon [9] , the putative acetylase gene celX followed by the endoglucanase gene celE [11] , the bifunctional endoglucanase gene celJ and the following open reading frame encoding a family-E2 cellulase [12] , the lichenase gene licB and the L-glucosidase gene bglA, which face each other in opposite orientation [13] , and the licA and celC genes, which are known to lie within 4 kb of each other [14, 15] . Nevertheless, the distribution of C. thermocellum cellulase genes along the chromosome has not been studied systematically. In order to address these issues, we compared 34 DNA Numbers indicate nucleotides from the sequence available in the EMBL/GenBank databases. pRV1.10 carries the same insert as pRV1.6 described in [1] (G.P. Hazlewood, personal communication). pCip10 carries the same insert as pCip14 described in [26] (unpublished data). d pWS1237 is identical with pBG422 described in [27] (W. Schwarz, personal communication).
probes, derived from the plasmids listed in Table 1 , by hybridization and restriction analysis.
Materials and methods

Pulse-¢eld gel electrophoresis
Exponentially growing cells of C. thermocellum NCIB 10682 were washed in 10 mM Tris-HCl, 10 mM EDTA, pH 7.5 (bu¡er A). The pellet was taken up in 4 volumes of bu¡er A and included in the same volume of 0.8% low melting agarose (Bioprobe) in bu¡er A. Agarose blocks were treated at 37³C for 3 h with 0.5 mg ml 3I lysozyme and overnight with 0.1% SDS containing 0.5 mg ml 3I proteinase K. Proteinase K, peptides, SDS and residual proteins were removed by electrophoresis for 2 h in bu¡er A at 0.6 V cm 3I . Blocks containing about 2 Wg were equilibrated with restriction bu¡er, following overnight incubation at 4³C in ¢ve volumes of the same bu¡er containing 20 units of restriction enzyme. Blocks were then incubated for 2 h at 37³C (XbaI) or 50³C (BssHII). CHEF (contour-clamped homogeneous electric ¢eld) electrophoresis was performed at 300 V in 1.2% agarose gels in 0.5UTBE bu¡er (44.5 mM Tris, 44.5 mM boric acid, 1 mM EDTA), using the Gene Navigator apparatus (Pharmacia). Fragments of 5^350 kb were separated using pulses of 1, 5, and 7 s for 5, 10, and 3 h, respectively. Fragments of 5^100 kb were subjected to pulses of 0.5, 2, and 4 s for 5, 10, and 3 h, respectively. A doublet at 350 kb present in the XbaI digest was resolved using pulses of 9 and 13 s for 8 h each. Fig. 1 . Separation of fragments generated by digesting C. thermocellum genomic DNA with XbaI (A) or BssHII (B). The probes hybridizing to each of the fragments are indicated. pRV2.4 contained a reiterated sequence hybridizing to several restriction fragments.
Southern blots and hybridizations
DNA was depurinated before blotting by two 15-min washes in 0.25 N HCl, and equilibrated in 0.5 N NaOH containing 1.5 M NaCl. Fragments were transferred onto Hybond N (Amersham) using 10USSC (SSC = 150 mM NaCl, 15 mM trisodium citrate). Probes were labelled with [K-
QP P]dCTP using the Megaprime1 kit (Amersham) and hybridized overnight in 6USSC containing 1 g l 3I each of Ficoll 400, polyvinylpyrrolidone and bovine serum albumin (5UDenhardt solution) and 0.1% SDS. Blots were washed at 65³C in 1USSC, 0.1% SDS.
Results and discussion
The results of hybridizations of the probes listed in Table 1 to genomic XbaI and BssHII restriction fragments are summarized in Fig. 1 . The total size of all fragments detected by hybridization was 2092 kb for XbaI fragments and 1768 kb for BssHII fragments. The size of the C. thermocellum genome was estimated at 4^4.5 Mb from pulse-¢eld electrophoresis of S¢I fragments (data not shown). Thus, even subtracting the size of the two largest hybridizing fragments, the probes must be scattered across at least a third of the genome. Electrophoresis of undigested C. thermocellum DNA ruled out the presence of plasmids ranging between 5 kb and 1.5 Mb (data not shown), indicating that the genes must be located on the chromosome. Probes derived from pCT212, pCT306, pCT400, pCT808, pCT1214, pCT1301, pCT1908, pRV1.5, pRV2.1, pWS1237, pKS101, pKS103, pCU107, and pCU303 hybridized to loci located on di¡erent XbaI and/or BssHII fragments (Fig. 1) . Since XbaI or BssHII sites are rare in the C. thermocellum genome, most of the above probes hybridize to loci that are probably not close to any of the other cloned loci. The remaining clones were tested for cross-hybridization and their restriction maps were compared. Among the clones that hybridized to the same fragments in XbaI and BssHII digests, some were found to overlap with each other: pKS309 and pRV1.10; pCT712 and pKS314; and pRV1.7, pRV2.6 and pKS305 (Fig. 2) . The overlap between pKS305 and pRV1.7 had been noted previously [4] . pKS309, but not pRV1.10, hybridized to two XbaI fragments of 350 and 295 kb, respectively. Since no XbaI site was detected in the pKS309 plasmid, some of the pKS309 sequence lying outside of the overlap with pRV1.10 may be duplicated. Alternatively, the XbaI site may be present in the NCIB 10682 strain used to perform genomic blots and absent in the F1 strain from which pKS309 was cloned. In all cases, the overlap corresponds to the region of the pKS plasmids reported to encode cellulase or xylanase activity [4] . The genes celI and celG are responsible for the endoglucanase activity expressed by pKS309 and pKS314, respectively. No sequence is available for the gene(s) harbored by pRV1.7, pKS305 and pRV2.6. However, subcloning of pKS305 indicates that the region responsible for endoglucanase activity has a length of about 2.5 kb [4] . Therefore, it is unlikely to contain more than one intact cellulase or xylanase gene. No cross-hybridization was observed between any of the other probes.
Probes that were not overlapping and hybridized to the same fragments in the XbaI and BssHI digests were further analyzed by hybridizing with genomic DNA digested with BamHI, BglII, ClaI, EcoRI, KpnI, PvuII, SalI, SmaI, and XhoI. In most cases, no matching could be observed between the bands revealed by one probe and any of the bands revealed by any of the other probes in the same digest. Consequently, minimum distances ranging between 6 and 15 kb may be assigned between the loci hybridizing to pCT603 and pRV1.1, pKS309/pRV1.10 and pCT1801, pCT541 and pKS304, pRV1.6/pRV2.6/ pKS305 and pCT712/pKS314, pRV2.3 and pCT2001 as well as pCT127 and pKS308. The remaining pairs of probes, pCip10+pCT1700 and pKS305/pRV1.7/pRV2.6+pCU309, hybridized to closely spaced loci. The inserts borne by pCip10 and pCT1700 belong to the previously described cipA cluster [9] . The inserts borne by pKS305 and pCU309 do not overlap, but lie close to each other on the chromosome (Fig. 3) .
The present experiments therefore suggest that cel and xyn genes are widely scattered across the C. thermocellum chromosome. This result agrees with previous data showing that transcription of the genes celA, celC, and celD is monocistronic [16, 17] . It is at variance with the situation prevailing in Clostridium cellulolyticum and Clostridium josui, in which several endo-and exoglucanase genes are clustered downstream of the gene encoding the cellulosome sca¡olding protein CipC [18, 19] . The only demonstrated C. thermocellum operons occur in the cipA cluster, which comprises two tandem operons including cipA+olpB, and orf2+olpA, respectively. The organization and transcription of the cel gene present in pKS305 and of the cbh gene present in pCU309 remain to be analyzed.
As far as tested, the sizes of most C. thermocellum NCIB 10682 restriction fragments detected by hybridization with the various probes agreed with those predicted from the published restriction maps, even for the clones derived from C. thermocellum F1 and F7. This indicates that strains F1 and F7, which have been isolated independently in Japan and in Russia, respectively, must be very close to the type strain of C. thermocellum, known as ATCC 27405, DSM 1237, and NCIB 10682. The conclusion is also supported by the close sequence similarity of the celC gene sequenced in DSM 1237 and in F1 [15, 20] and of the licB gene sequenced in DSM 1237 and in F7 [13, 21] . the pKS series, G. Velikodvorskaya and V. Zverlov for plasmids of the pCU series, and W. Schwarz for pWS1237. We thank M. Schwartz for his continuing interest and support.
